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Lehigh University, Bethlehem, Pennsylvania 

ABSTRACT 

The erosion of sand beaches due to oscillatory water particle motion 
of non-breaking ,~aves can be of importance, particularly where such a beach 
is fronted by a sea wall supported on spread foundation. 

Labora tory study was conducted with natura 1 beach sand; waves ,~ere 

generated mechanicallz. Geometric variables inc luded the inclination of sea 
walls front 15

0 
to 90 from the horizontal and dynamic variables included 

ratio of ''lave length to 'vater depth and wave height to 'vater depth. 

It has been determined that the "ultimate" depth of scour is a 
function of wave height and that the location of scour is a linear function 
of \'lave length. 

INTRODUGrION 

The 18th International Congress on Navigation in Rome (195 3) divided 
sea ,~alls into t\'lO types, those from which waves are reflected and those on 
which waves break. It \'las generally agreed that any intermediate type that 
gives a combination of reflection and breaking sets up severe erosive action 
of the sea bed in front of the wa ll. 

Hm"ever, it has also been observed that erosion can and does occur 
at locations where there is no question of \'lave breaking. A practical example 
is the case ,~here a protective sea wall is fronted by a bea ch submerged to a 
depth sufficient to prevent wave breaking. It should also be pointed out that 
this problem beside being of theoretical importance, is one of practical 
importance, especia lly to the designer of a sea wall who must knm., the depth 
to which the protective sheet-piling should be driven to prevent overturning 
of the ,.,all due to erosion or scouring of the sand at the toe of its foundation. 

FACILITY 

EQUIPMENT 

A schematic diagram of the exper imental set-up is shown in Figure 1. 
The ,.,ave tank has an overall length of 67 .5 feet, a depth of t,~o feet and 
",idth of t,~o feet. A simulated sea wall made of plexiglas ,~as located some 
52 feet from the ,.,ave generator a nd was so constructed tha t the angle ,§ , 
measured from the horizontal, could be equal to 15, 30, 40, 67~, or 90 (vertical). 
For a distance of 37 feet in front of the sea ,.,all sand ,~as placed at the 
bottom of the tank to a constant depth of 5 'inches. Before each test the sand 
Has leveled to 5 inches to insure that the beach ,.,as initially flat and level. 
A false bottom ,~as constructed under and in front of ''lave generator and set 
at the same depth as the sand bed. 
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The wave g e n e r a t o r i s o f t h e o s c i l l a t i n g p e n d u l u m - t y p e . The s 

p e r i o d and pendulum s e t t i n g s a r e a d j u s t a b l e s o t h a t t h e d e s i r e d wave c 

I s t i c may be o b t a i n e d . A wave a b s o r b e r i s i n s t a l l e d b e h i n d t h e wave ^ 

and wave f i l t e r s a r e u s e d i n f r o n t o f t h e g e n e r a t o r . P a r a l l e l - w i r e c a p a c i 

t a n c e - t y p e v/ave p r o b e s and a n e l e c t r o n i c wave r e c o r d e r a r e u s e d . 

BEACH MATERIAL 

The m a t e r i a l u s e d t o s i m u l a t e t h e p r o t o t y p e b e a c h was a v / h i t e s i l i c a 

s a n d q u a r r i e d a t M e l v i l l e , New J e r s e y , and i s o f t h e t y p e commonly 

many b e a c h e s . W h i l e o t h e r w r i t e r s h a v e e x p e r i m e n t e d w i t h t h e u s e o f °^!'j^gg 

d e n s i t y c r u s h e d p l a s t i c a s a s i m u l a t e d b e a c h m a t e r i a l , t h e s a n d '̂̂ '̂ ^̂ ^̂ ^̂ ^̂  

t h e a d v a n t a g e o f more n e a r l y r e p r e s e n t i n g n a t u r a l b e a c h e s . B e f o r e P ^'^^^^^gg 

i n t h e wave c h a n n e l t h e s a n d was w e l l v/ashed t o e l i m i n a t e t h e f i n e r P^^^^'^ 

w h i c h t e n d t o s u s p e n d i n w a t e r and t h u s o b s c u r e v i s u a l o b s e r v a t i o n s . ^ ^ ^ ^ 

g r a i n s i z e d i s t r i b u t i o n c u r v e f o r t h e s a n d a f t e r w a s h i n g i s shown i n 

2. T h e m e d i a n d i a m e t e r o f s a n d was 0.019 i n c h e s 

B e c a u s e t h i s s a n d i s f a i r l y u n i f o r m i n p a r t i c l e s i z e , t h e e f f e c t s of 

i n i t i a l c o m p a c t i o n of t h e s c o u r i n g p r o p e r t i e s o f t h e s a n d were a v o i d s 

a l w a y s k e e p i n g t h e s a n d bed i n a l o o s e , s a t u r a t e d c o n d i t i o n . 

PROCEDURE AND OBSERVATIONS 

B e f o r e e a c h t e s t t h e s a n d bed was c a r e f u l l y l e v e l e d a n d 

t o a c o n s t a n t t h i c k n e s s and a r e f e r e n c e l i n e was drawn on t h e g l a s s 

i n d i c a t e t h e o r i g i n a l s a n d l e v e l . A f t e r a d j u s t i n g t h e wave g e n e r a t o r 

o b t a i n t h e r e q u i r e d wave h e i g h t and l e n g t h f o r a g i v e n s e a w a l l s l o p e ^^^^^ 

w a t e r l e v e l , t h e g e n e r a t o r was p l a c e d i n o p e r a t i o n . The h e i g h t o f ^ ' ^ , 

was d e t e r m i n e d f r o m t h e d i r e c t m e a surement and, c h e c k e d t h e wave l e o g 

wave r e c o r d e r was d e t e r m i n e d f r o m t h e c l a s s i c a l A i r y e q u a t i o n : 

Where: 

2TT 

L = wave l e n g t h 

T = wave p e r i o d 

gL , , 2 n d , 
^ t a n h ( ) 

g = a c c e l e r a t i o n o f g r a v i t y , 32.2 f e e t p e r s e c o n d s q u a r r e d ^^^^ ^^^^^ 

d = d e p t h o f w a t e r m e a s u r e d fro m t o p o f sand b e d t o s t i l l ^ 

W i t h i n a v e r y few moments of o p e r a t i o n t h e s u r f a c e o f t h e f^ ' ^ ^ ^ g ^ ' ^ 

became r i p p l e d a s shown i n F i g u r e 3. F o r e v e r y c a s e t e s t e d t h e s e ^ ^ ^ ^ ^ ^ ^ ^ 

a l w a y s had a p i t c h o f a p p r o x i m a t e l y 3-1/4 i n c h e s i n l e n g t h and a n 

h e i g h t o f one i n c h . 

Soon a f t e r t h e f o r m a t i o n o f t h e s e r i p p l e s t h e a c t u a l s c o u i r 

a t i o n s a p p e a r e d . A l t h o u g h n o t a s r e g u l a r and u n i f o r m a s b e f o r e ^'^'^'^p^^^he 

t h e r i p p l e f o r m a t i o n s c o n t i n u e d i n e x i s t e n c e and were s u p e r i m p o s e d 

s c o u r f o r m a t i o n s . The s c o u r p a t t e r n was r o u g h l y s i n u s o i d a l i n s h a p » ^ t h r o u g h -

c o n s i s t e d o f a l t e r n a t e p e a k s and v a l l e y s s p a c e d a t r e g u l a r i n t e r v a l s p ^ g u r e 4. 

o u t t h e l e n g t h o f t h e s a n d b e d . A t y p i c a l s c o u r f o r m a t i o n I s s h o w r i -
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The s c o u r v/ave l e n g t h , \ , was m e a s u r e d f r o m c r e s t t o c r e s t . The 

e x t e n t o f s c o u r , B , was a l s o m e a s u r e d , a s shown I n F i g u r e 4. N e i t h e r o f 

t h e s e v a r i e d s i g n i f i c a n t l y v ; i t h t i m e ( o r number o f waves t o p a s s o v e r t h e 

s c o u r e d a r e a ) b u t b o t h had a f i x e d r e l a t i o n s h i p t o w a t e r wave l e n g t h . 

SWL 

CHANNEL BOTTOM 
F i g u r e 3. T y p i c a l Ripple F o r m a t i o n 

SWL 

Reference 

Level 

I s 

Channel Bo t tom 

F i g u r e 4. T y p i c a l S c o u r F o r m a t i o n 

B e c a u s e i t v;as i m p r a c t i c a l t o do o t h e r w i s e , t h e d e p t h o f s c o u r , S , 

was m e a s u r e d f r o m t h e o r i g i n a l s a n d bed l e v e l ( i n d i c a t e d b y t h e p r e v i o u s l y ) 

d rawn r e f e r e n c e l i n e ) t o t h e p o i n t o f maximum s c o u r , on t h e o u t s i d e o f t h e 

Vjave c h a n n e l , s i n c e t h e d e p t h o f s c o u r was f a i r l y u n i f o r m a l o n g t h e w i d t h 

o f t h e c h a n n e l . The d e p t h o f s c o u r was m e a s u r e d a t e v e r y s c o u r f o r m a t i o n 

a t c e r t a i n i n t e r v a l s o f t i m e . B y d i v i d i n g t h e t i m e i n t e r v a l b y t h e wave 

p e r i o d N, t h e number o f waves t o p a s s o v e r t h e s c o u r f o r m a t i o n , was t h e n 

d e t e r m i n e d . 

E a c h t e s t was r u n u n t i l t h e " u l t i m a t e " d e p t h , S , v/as r e a c h e d , i . e. , 

u n t i l t h e d e p t h o f s c o u r d i d n o t i n c r e a s e w i t h a n y f u r t h e r i n c r e a s e i n 

number o f v/aves p a s s i n g o v e r and became a c o n s t a n t v a l u e . T h i s u s u a l l y 

t o o k a n y i ^ h e r e f r o m a few h o u r s t o a few d a y s f o r e a c h t e s t . 



710 COASTAL ENGINEERING 

THEORETICAL CONSIDERATIONS 

DIMENSIONAL ANALYSIS 

Th e v a r i a b l e s s i g n i f i c a n t t o t h i s p r o b l e m a r e ( 1 ) t h e «^ve ^l'-^^l' 
H , ( 2 ) t h e wave l e n g t h , X , ( 3 ) t h e wave p e r i o d , T , ( 4 ) t h e d e p t ^ o f w a t e r , 

d , ( 5 ) t h e s e a w a l l a n g l e , 9 , and ( 6 ) t h e number o f waves t o a'^*^ ° ^ 

b e a c h , N. 

A d d i t i o n a l v a r i a b l e s t o be c o n s i d e r e d a r e t h e s p e c i f i c g r a ^ ^ ' ^ ^'^^ 

p o r o s i t y o f t h e s a n d and t h e d i a m e t e r o f t h e p a r t i c l e s . Vnfoci^^^^^^^' 

one t y p e o f s a n d was em p l o y e d t o d a t e s o t h a t t h e m a t e r i a l pi:op^^^^^^ "^^^ 

c o n s t a n t i n t h i s s t u d y . 

D e n o t i n g b y X a l l t h e unknown s c o u r p a r a m e t e r s s u c h a S ^^"^^^."^'^L 
d e p t h , S , e x t e n t , B , and l o c a t i o n , x ; and m a k i n g u s e o f t h e ^""KIK J^lïltas 
b e t w e e n T, L , a n d d t o e l i m i n a t e t h e e f f e c t s o f T; a n e x p r e s s i ^ - ^ ^^''^ c o n t a i n s 

a l l t h e s i g n i f i c a n t p a r a m e t e r s i s : 

f ( X , H, L , d, 9, N) = 0 ( 2 ) 

When " u l t i m a t e " c o n d i t i o n s a r e r e a c h e d , s o t h a t S, B ^^"^ ^ ^"^^ 

l o n g e r i n f l u e n c e d by N, e q u a t i o n ( 2 ) becomes; ' ' 

F ( X , H, L , d, 9) ( 3 ) 

2 = f f M L n N ('^b) 
T 9 V L 2 ^ d ' d 

WAVE R E F L E C T I O N 

I t became o b v i o u s d u r i n g t h e l a t t e r p a r t o f t h e s t u d y -t=-'^^^ m a g n i t u d e 
o f b e a c h s c o u r a l s o depends on wave r e f l e c t i o n f r o m t h e s e a wal- ^ ' 

The r e f l e c t i v e c a p a c i t i e s of i m p e r m e a b l e b e a c h e s were ft'^^^^^thT'^"' 
r e t i c a l l y b y M i c h e ( 1 9 5 1 ) and s t u d i e d by S t r a u b and H e r b i c h ( 1 ^ ^ \ „ 

c o n s i d e r e d t h e i d e a l c a s e o f a p e r f e c t l y smooth b a r r i e r f o r m i n g ^Xm wave 

w i t h t h e h o r i z o n t a l and a n a l y t i c a l l y d e v e l o p e d a f o r m u l a f o r t maximum wave 

s t e e p n e s s i n deep w a t e r w h i c h w i l l be t o t a l l y r e f l e c t e d b y s u c h t ^ b a r r i e r . 

«OM = l / l ^ l i l l _ i d 
' TT TT 
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Where i s t h e maximum wave s t e e p n e s s ( i n deep w a t e r ) w h i c h w i l l be t o t a l l y -

r e f l e c t e d by a smooth b a r r i e r . From t h i s he de d u c e d t h a t waves s t e e p e r t h a n 

SQM w o u l d be p a r t i a l l y r e f l e c t e d and t h o s e f l a t t e r t h a n S^j^would be t o t a l l y 

r e f l e c t e d . The p a r t t h e o r e t i c a l l y r e f l e c t e d ( R ' ) h a s t h e n t h e f o l l o w i n g v a l u e 

w h e r e R' < 1 

= i n c i d e n t wave s t e e p n e s s i n deep w a t e r 

Th e m a g n i t u d e o f wave r e f l e c t i o n a s a f u n c t i o n o f b e a c h s l o p e computed f r o m 

M i c h e ' s t h e o r y was p a r t i a l l y v e r i f i e d by S t r a u b and H e r b i c h , and t h e a c t u a l 

v a l u e s o f wave r e f l e c t i o n c o e f f i c i e n t f o r v a r i o u s b e a c h s l o p e s were made 

a v a i l a b l e b y them. 

C o n s i d e r i n g a s i n u s o i d a l wave t h e wave r e f l e c t i o n s may be m e a s u r e d 

i n t h e f o l l o w i n g manner: 

L e t t h e i n c i d e n t wave be 

T] = a s i n 2 n ^ In . 
' I ( - X - - t ) 

and t h e r e f l e c t e d wave 

11R = b s i n ^ ^ , + |n t ) ( 8 ) 

w h e r e T) i s t h e s u r f a c e e l e v a t i o n , a and b t h e wave a m p l i t u d e s , x t h e d i s t a n c e 

a l o n g a h o r i z o n t a l a x i s and t t h e t i m e . 

F o r t h e c l a p o t i s 

= \ + \ (9) 

and a t t h e nodes 

( X - 0, I , X , e t c . ) 

1] = ( a - b ) s i n ^ 2TT ^ 

and a t t h e l o o p s 

e t c . ) 

11 = ( a + b) c o s ( In t ) ( 1 1 ) 

An e n v e l o p e o f i n c i d e n t and r e f l e c t e d waves i s d e v e l o p e d w i t h d e f i n i t e l o o p s 

and n o d e s . The r e f l e c t i o n c o e f f i c i e n t i s e q u a l t o : 
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H - H 

_ i S = c 
I n 

w h e r e = h e i g h t a t t h e l o o p 

= h e i g h t a t t h e node 

GEOMETRIC AND DYNAMIC VARIABLES 

Th e s e a w a l l was s o c o n s t r u c t e d t h a t t h e a n g l e , 0 , m e a s u r e d b e t v j e e n 

t h e p l a n e o f s e a v ; a l l and t h e h o r i z o n t a l was a d j u s t a b l e . F i v e a n g l e s were 

s e l e c t e d 15, 30, 4 5 , 6 7 % , and 90 d e g r e e s . 

O t h e r v a r i a b l e s i n c l u d e d wave h e i g h t , wave l e n g t h and d e p t h o f w a t e r . 

The f o l l o w i n g c a s e s w e r e s t u d i e d : 

I N I T I A L T E S T S 

1. H = 2.45 i n , L = 63.6 i n , d = 5.00 i n , h / L = 0.039 L / d = 12.7 ( F i g . 5 ) 

2. H = 3.23 i n , L = 73.2 i n , d = 6.75 i n , H / L = 0.044 L / d = 10.8 ( F i g . 6 ) 

3. H = 3.72 i n , L = 106 i n . , d = 8.38 i n , H / L = 0.035 L / d = 12.7 ( F i g . 7 ) 

E F F E C T OF VARYING H/d 

4. H = 2.20 i n . , L = 67 i n , d = 5.00 i n , H/d = 0.44 L / d = 13.4 ( F i g . 8 ) 

5. H = 2.60 i n . , L = 80.5 i n , d = 6.00 i n , H/d = 0.43 L / d = 13.4 ( F i g . 9 ) 

6. H = 3.54 i n . , L = 84 i n , d = 7.5 i n , H/d = 0.47 L / d = 11.2 ( F i g . 1 0 ) 

7. H = 3.20 i n . , L = 100.8 i n , d = 9.0 i n , H/d = 0.35 L / d = 11.2 ( F i g . 1 1 ) 

E F F E C T OF VARYING L / d 

8. H = 3.20 i n , L = 70 i n , d = 7.00 i n , L / d = 10.0, H/d = 0.46 

9. H = 3.54 i n , L = 84 i n , d = 7.5 i n . , L / d = 11.2, H/d = 0.46 ( F i g . 1 0 ) 

GENERAL OBSERVATIONS 

R I P P L E FORMATIONS 

F o r a l m o s t e v e r y c a s e t e s t e d r i p p l e s were o b s e r v e d t o f o r m i n t h e 

s a n d bed s o o n a f t e r t h e s t a r t o f e a c h t e s t . T h e s e r i p p l e s c o n t i n u e d i n 

e x i s t e n c e and became s u p e r i m p o s e d upon t h e l a r g e r - s c a l e e f f e c t s o f s c o u r i n g . 

V e r y e v e n and r e g u l a r i n a p p e a r a n c e , t h e r i p p l e s were s i n u s o i d a l i n s h a p e . 

F o r a l l t e s t s t h e p i t c h l e n g t h o f t h e r i p p l e s , m e a s u r e d f r o m c r e s t t o c r e s t , 

was 3-1/4 i n . , and t h e o v e r a l l h e i g h t was a p p r o x i m a t e l y 1 i n . 

B a g n o l d ( 1 9 4 6 ) h a s p r e s e n t e d some d a t a f o r t h e n a t u r a l p i t c h l e n g t h 

o f q u a r t z s a n d i n o s c i l l a t i n g w a t e r waves and t h i s v a l u e o f 3-1/4 i n . c o m p a r e s 

f a v o r a b l y w i t h h i s f i n d i n g s . 

Manohar ( 1 9 5 5 ) h a s p r e s e n t e d a n i n t e r e s t i n g e x p e r i m e n t a l f i n d i n g 

r e l a t i n g t h e r i p p l e h e i g h t t o l e n g t h r a t i o w i t h a p a r a m e t e r s i m i l a r t o t h e 
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Figure 6. Relative Depth of Scour S/H as a Function of Number of Waves. Case 2 



Figure 7. Relative Depth of Scour S/H as a Function of Number of Waves. Case 3 
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^ IS*» SEAWALL 

° 30° SEA WALL 

0 10 20 30 40 50 60 70 

N (Thousands) 

Figure 8. Relative Depth of Scour S/H as a Function of Number of Waves. Case 4 



CASE 5 (H=2.60", L= 80.5", d= 6", T= 1.74 S e c , L /d = 13.4) 
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Figure 10. Relative Depth of Scour S/H as a Function of Number of Waves. Case 6 & 9 



CASE 7 (H=3.20','L=l00.8",d= 9", T=l.74 Sec. , L / d = 11.2) 

Figure 11. Relative Depth of Scour S/H as a Function of Number of Waves. Case 7 
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E i n s t e i n s e d i m e n t f u n c t i o n . Hov;ever, no c o m p a r i s o n i s p o s s i b l e b e c a u s e t h e 

maximum r a t i o s he o b t a i n e d a r e much l o w e r t h a n t h e ones o b t a i n e d i n t h i s 

s t u d y . 

SCOUR FORMATIONS 

Soon a f t e r t h e a p p e a r a n c e o f t h e r i p p l e s i t was o b s e r v e d t h a t t h e 

s a n d bed b e g a n t o e r o d e a p p r e c i a b l y a t u n i f o r m i n t e r v a l s s u c h t h a t t h e s a n d 

b a r s and t r o u g h s were c r e a t e d t h r o u g h o u t t h e l e n g t h o f t h e s a n d b e d . 

DEPTH OF SCOUR 

The r e l a t i o n s h i p b e t w e e n t h e S/H ( w h e r e S i s t h e a v e r a g e o f t h e one 

t h i r d g r e a t e s t d e p t h s o f s c o u r r e c o r d e d , and N = number o f w a v e s ) and N i s 

i n d i c a t e d i n F i g u r e s 5 - 11. The r e s u l t s show t h a t i n e v e r y c a s e t h e d e p t h 

of s c o u r i n i t i a l l y i n c r e a s e d v e r y r a p i d l y w i t h i n c r e a s i n g N, b u t became i n d e 

p e n d e n t o f N a s i t a t t a i n e d i t s u l t i m a t e v a l u e . The c o n s t a n t S/H i s t e r m e d 

t h e u l t i m a t e d e p t h o f s c o u r , S /H. I t was e s t a b l i s h e d t h a t a f t e r u l t i m a t e 

d e p t h o f s c o u r was a t t a i n e d a f u r t h e r i n c r e a s e i n t h e number o f waves d i d n o t 

a f f e c t t h e r e l a t i v e d e p t h o f s c o u r , t h i s does n o t i m p l y t h a t s c o u r i n g and 

p a r t i c l e movement came t o a s t a n d s t i l l . A c t u a l l y , a f t e r u l t i m a t e c o n d i t i o n s 

a r e e s t a b l i s h e d , a s t a t e o f e q u i l i b r i u m e x i s t e d so t h a t p a r t i c l e s removed 

by wave a c t i o n were r e p l a c e d t h r o u g h d e p o s i t i o n o f p a r t i c l e s h e l d i n s u s p e n s i o n . 

T h e r e i s d e f i n i t e e v i d e n c e , a s shown i n F i g u r e s 8 - 1 1 , t h a t S/H v;as 

a l w a y s g r e a t e r f o r 3 0 ^ s e a x ^ a l l a s compared w i t h t h e 15° s e a w a l l . T e s t s on 

s e a w a l l s o f 90 , 6 7 % , and 4 5 ° i n d i c a t e d t h a t a l l r e l a t i v e d e p t h s o f s c o u r 

l i e on one smooth c u r v e . T h i s seems l o g i c a l b e c a u s e i t h a s b e e n o b s e r v e d t h a t 

t h e d i f f e r e n c e i n r e f l e c t i o n c o e f f i c i e n t t h e 15° s e a w a l l and t h e 3 0 ° s e a V 7 a l l 

i s much l a r g e r t h a n t h e d i f f e r e n c e i n r e f l e c t i o n b e t w e e n t h e 9 0 ° , 6 7 % ° , and 

t h e 45 s e a w a l l s . 

E F F E C T OF H/d 

C a s e s 4 - 7 were p e r f o r m e d f o r t h e p u r p o s e o f s t u d y i n g t h e r e l a t i o n 

o f t h e u l t i m a t e r e l a t i v e d e p t h o f s c o u r t o a f u n c t i o n o f H/d, w i t h L / d b e i n g 

h e l d c o n s t a n t . I t was n e c e s s a r y t o change t h e L / d s l i g h t l y , hov7ever, i n o r d e r 

t o o b t a i n s a t i s f a c t o r y r e s u l t s . I t i s f e l t t h a t t h i s s l i g h t c h a n g e o f L / d 

d i d n o t a l t e r t h e r e s u l t s a p p r e c i a b l y , and t h a t t h e r e l a t i o n s h i p s d e t e r m i n e d 

a r e s t i l l v a l i d . 

F i g u r e 12 p r e s e n t s t h e r e s u l t s o f t h e f i r s t s e v e n c a s e s s t u d i e d . 

Due t o t h e s t e e p s l o p e o f t h e c u r v e s a t low H/d i t may be t h a t t h e 

c u r v e s c o n t i n u e t o r i s e a s H/d d e c r e a s e s t o a v a l u e l o w e r t h a n 0.35, t o 

e v e n t u a l l y a p p r o a c h a l i m i t o f i n c i p i e n t s a n d movement. I t a p p e a r s ' t h a t t h e 

l i m i t o c c u r s a t H/d o f 0.32. 

As t h e H/d i n c r e a s e s , t h e S /H d e c r e a s e s f o r b o t h t h e 15° and 3 0 ° 

s e a w a l l s . The a u t h o r s f e e l t h a t t h e g r a d u a l i n c r e a s e i n S /H e i t h e r c o n t i n u e s 

o r t h a t t h e v a l u e o f S^/H becomes c o n s t a n t a s t h e l i m i t o f wave b r e a k i n g i s 

r e a c h e d . A c c o r d i n g t o t h e S o l i t a r y Wave T h e o r y , t h e p o i n t o f wave b r e a k i n g 

o c c u r s a t H/d o f 0.78. 
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Figure 12. Ultimate Relative Depth of Scour, S^/H, as a Function of Relative Wave 
Height, H/d 
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E F F E C T OF L / d 

C a s e s 8 and 9 were p e r f o r m e d f o r t h e p u r p o s e o f s t u d y i n g t h e u l t i m a t 

r e l a t i v e d e p t h o f s c o u r a s a f u n c t i o n o f L / d , w i t h H/d h e l d c o n s t a n t . 

F i g u r e 13 shows t h e e f f e c t o f L/d on S /H f o r 15° s e a w a l l and p a r t i 

f o r t h e 30 s e a w a l l . " 

A l t h o u g h t h e r e a r e n o t enough d a t a a v a i l a b l e f o r a r i g o r o u s i n v e s t i 

g a t i o n of t h e r e l a t i o n s h i p , some o b s e r v a t i o n s may be drawn. F i r s t , a low 

u l t i m a t e r e l a t i v e d e p t h o f s c o u r o c c u r s f o r b o t h t h e 15° and t h e 30° s e a 

w a l l s somewhere b e t w e e n L / d = 7 and L/d = 10. S e c o n d , t h e v a l u e o f Ŝ  /H 

i n c r e a s e more r a p i d l y f o r L / d v a l u e s g r e a t e r t h a n 9. " 

E F F E C T OF R E F L E C T I O N C O E F F I C I E N T 

As r e f l e c t i o n c o e f f i c i e n t (C ) i n c r e a s e s t h e u l t i m a t e d e p t h o f s c o u r 

f o r t h e 30 s e a w a l l i n c r e a s e s l i n e a r l y up t o a v a l u e o f C o f a p p r o x i m a t e l y 

45 p e r c e n t ( F i g . 1 4 ) . Beyond t h a t p o i n t t h e l i n e a r i t y c e a s e s t o e x i s t and 

t h e c u r v e f l a t t e n s a t a n Cj^ o f 54 p e r c e n t where a c o n s t a n t v a l u e o f S o f 

2.01 i s r e a c h e d . A f t e r 54 p e r c e n t i s a t t a i n e d i t a p p e a r s t h a t a n y f u r t h e r 

I n c r e a s e i n r e f l e c t i o n c o e f f i c i e n t w i l l n o t h a v e a n e f f e c t on t h e u l t i m a t e 

d e p t h o f s c o u r . 

An e s t i m a t e d p l o t was a l s o p r e p a r e d f o r t h e 15° s e a w a l l , ( F i g . 1 4 ) . 

F o r t h e 15 s e a w a l l v a l u e s o f S w e r e a v a i l a b l e b u t d a t a f o r R was n o t t a k e n 

and t h e r e f l e c t i o n c o e f f i c i e n t was e s t i m a t e d f r o m d a t a p r e s e n t e d b y S t r a u b 

and H e r b i c h ( 1 9 5 6 ) . 

F i g u r e 14 i n d i c a t e s t h a t the 15° s e a w a l l f o l l o w e d a t r e n d s i m i l a r 

t o t h a t o f t h e 30 s e a w a l l . 

SCOUR FORi-lATIONb 

A t t h e end o f e v e r y t e s t t h e e x t e n t o f s c o u r , B, and t h e d i s t a n c e 

b e t w e e n a d j a c e n t s c o u r f o r m a t i o n s , X , w e r e m e a s u r e d . E v e r y c a s e p r o v i d e d 

s t r o n g e v i d e n c e t h a t \ i s one h a l f o f t h e wave l e n g t h , L w h e r e a s B i s one-

f o u r t h o f t h e wave l e n g t h . 

B e s i d e s o b t a i n i n g t h i s o n e - h a I f L s c o u r p a t t e r n B a g n o l d ( 1 9 4 6 ) was 

a l s o a b l e t o o b t a i n s c o u r p a t t e r n s s p a c e d a t i n t e r v a l s o f two L u s i n g c r u s h e d 

p l a s t i c and e x t r e m e l y f i n e s a n d a s t h e bed m a t e r i a l . The a u t h o r s t r i e d to^^ 

d u p l i c a t e t h e c o n d i t i o n s f o r s u c h a p a t t e r n b u t f o u n d t h a t t h e y r e q u i r e d - j -

r a t i o s s m a l l e r t h a n t h e l i m i t o f i n c i p i e n t movement of t h e s a n d u s e d i n 

t h i s i n v e s t i g a t i o n . F o r t h i s r e a s o n t h e a u t h o r s do n o t f e e l t h a t i t w o u l d 

be p o s s i b l e t o o b t a i n t h i s p a t t e r n i n n a t u r a l s a n d b e a c h e s u n d e r n a t u r a l wave 

c o n d i t i o n s . 

A l t h o u g h \ c o m p l e t e l y d e f i n e s t h e l o c a t i o n o f e a c h s c o u r p o i n t w i t h 

r e s p e c t t o a n o t h e r , t h e r e i s no way of d e t e r m i n i n g t h e d i s t a n c e f r o m t h e 

s e a w a l l t o t h e f i r s t a d j a c e n t s c o u r p o i n t . As i t v;as o b s e r v e d t h a t t h e r e 

was a v e r y s l o w b u t p e r c e p t i b l e a d v a n c e o f t h e e n t i r e s c o u r f o r m a t i o n i n t h e 

d i r e c t i o n o f wave t r a v e l a s t h e number o f waves a c t i n g on t h e b e d i n c r e a s e d , 

i t a p p e a r s t h a t t h i s d i s t a n c e i s a f u n c t i o n o f N. The most t h a t c a n be 



Figure 13. Ultimate Relative Depth of Scour, S^/H, as a Function of Relative Wave 

Length, L /d 
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Figure 14. Reflection Coefficient, C„, as a Function of Ultimate Depth of Scour 
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s t a t e d i s t h a t a t any t i m e t h e r e w i l l a l w a y s be s c o u r i n g w i t h i n a d i s t a n c e 

o f a t l e a s t 1/4 L o r l e s s f r o m t h e f a c e o f t h e v 7 a l l . 

CONCLUSIONS 

L . S c o u r i n g o f n a t u r a l f l a t s a n d b e a c h e s o c c u r s i n a n a r r o w r a n g e d e f i n e d 

b e t w e e n b o u n d a r y l i m i t s o f wave b r e a k i n g and i n c i p i e n t s a n d movement. Th e 

l i m i t o f wave b r e a k i n g may be t a k e n a s - = 0.78 f r o m t h e S o l i t a r y Wave T h e o r y . 

The l i m i t o f i n c i p i e n t s a n d m o t i o n was a n p r o x i m a t e l y d e f i n e d a s T = 0.43 

f o r 4 5 , 6 7 % and 90 d e g r e e s e a w a l l s and ^ = 0.33 f o r t h e 15 and 30 d e g r e e 

s e a w a l l s , f o r t h e c o n d i t i o n s s t u d i e d . 

2. F o r wave c o n d i t i o n s w i t h i n t h e s e l i m i t s i t was f o u n d t h a t t h e d e p t h o f 

s c o u r i n i t i a l l y i n c r e a s e s w i t h i n c r e a s i n g number of waves a c t i n g on t h e b e d , 

b u t r e a c h e s a c o n s t a n t v a l u e when t h e u l t i m a t e d e p t h o f s c o u r i s a t t a i n e d . 

3. F o r a l l c a s e s t h e p r e d o m i n a n t s c o u r i n g p a t t e r n h a d a s p a c i n g b e t w e e n 

c r e s t s , X , e q u a l t o o n e - h a l f t h e wave l e n g t h , L , and t h e d e p t h o f s c o u r , 

B , was o n e - f o u r t h o f t h e wave l e n g t h . 

4. The u l t i m a t e d e p t h o f s c o u r i s a f u n c t i o n o f t h e r e f l e c t i o n c o e f f i c i e n t . 

The d e p t h o f s c o u r i n c r e a s e s w i t h i n c r e a s e i n r e f l e c t i o n c o e f f i c i e n t up t o 

a h i g h v a l u e o f vjave r e f l e c t i o n . 

5. S i n c e t h e c o e f f i c i e n t o f r e f l e c t i o n i s l o w e s t f o r t h e 1 5 - d e g r e e s e a w a l l s 

o f a l l t h e s e a w a l l s s t u d i e d t h e d e p t h o f s c o u r was a l s o t h e l e a s t . 

6. T h e r e l a t i v e u l t i m a t e d e p t h o f s c o u r was a p p r o x i m a t e l y t h e same f o r t h e 

4 5 , 6 7 % and 90 d e g r e e s e a w a l l s , a s t h e r e i s l i t t l e d i f f e r e n c e b e t w e e n 

c o e f f i c i e n t o f r e f l e c t i o n f o r t h e s e s e a w a l l s . 

7. A d d i t i o n a l work i s r e q u i r e d t o p i n p o i n t t h e l i m i t o f i n c i p i e n t s a n d 

s c o u r and t o d e t e r m i n e t h e more e x a c t r e l a t i o n s h i p b e t w e e n d e p t h o f s c o u r 

and c o e f f i c i e n t o f r e f l e c t i o n f o r s e a w a l l s . 
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Figure 15. Views of Scour Formations 


